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The  final-stage  sintering  behavior  or  densif ication  of  MgA^O^  has  been  studied  as 
a  function  of  stoichiometry  in  an  attempt  to  inhibit  grain  growth  by  solute  segrega¬ 
tion  to  the  grain  boundaries  and  to  allow  spinel  to  sinter  to  theoretical  density.  It 
was  found  that  the  ..rain  growth  could  be  inhibited  by  deviations  from  stoichiometry, 
and  that  grain  growth  inhibition  increased  as  the  spinel  composition  approached  the 
solid  solubility  limit  in  MgO-rich  spinel.  The  relative  grain  boundary  velocity  cal¬ 
culated  from  the  grain  growth  data  obeys  Cahn's  impurity  drag  model  for  low-velocity 
grain  growth  with  a  ow  driving  force,  if  we  assume  that  the  oxide  concentration  in 
excess  of  the  stoichiometric  composition  acts  as  the  solute. 

Changes  in  stoichiometry  do  not  provide  sufficient  grain  growth  inhibition  to  pre¬ 
vent  the  occurrence  of  discontinuous  grain  growth.  However,  spinel  can  be  sintered  to 
theoretical  density  by  a  second-phase  mechanism  in  which  the  second  phase  is  MgO.  The 
presence  of  the  second  phase  in  the  spinel  causes  light  scattering  and  results  in  a 
translucent  material. 
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I  INTRODUCTION 


Studios  cf  the  atomic  mechanisms  of  sintering  of  oxides  have  been 
primarily  concerned  with  initial  stage  sintering,  i.e.,  neck  growth 
between  sphei’es  or  initial  shrinkage  of  powder  compacts.  This  situation 
has  resulted  because  of  the  ease  of  applying  physical  models  to  initial 
stage  sintering.  Technological  interest,  however,  is  centered  on  the 
final  stages  of  sintering  or  on  the  ultimate  densif ication  of  a  powder 
compact,  in  which  a  geometrically  more  complex  situation  exists. 

The  Importance  of  grain  boundaries  to  intermediate  and  final  stage 
sintering  has  been  well  recognized  since  the  experiments  of  Alexander  and 

Balluffi.1  Subsequent  experimental  and  theoretical  treatments  of  the  role 

2  3 

of  grain  boundaries  include  tht  studies  of  Burke,  Seigle.  Van  Bueren 

4  5 

and  Hornstra,  and  Coble  and  Burke. 

The  sintering  of  oxides  during  final  densif ication  may  be  regarded 
as  a  diffusion  process  in  which  the  vacancies  diffuse  from  the  pores  to 
the  grain  boundaries.  The  vacancies  are  eliminated  at  the  grain  bounda¬ 
ries,  resulting  in  shrinkage  and  densiflcatlon.  A  compacted  powder  may 
sinter  to  theoretical  density  if  the  vacancy  flux  from  the  pores  to  the 
boundaries  cun  be  maintained  at  a  high  level, 

A  high  vacancy  flux  can  be  maintained  by  controlling  the  grain  boundary 
motion,  so  that  the  distance  between  pores  and  grain  boundaries  remains 
relatively  small  or  by  modifying  the  defect  structure  so  that  diffusion  of 
the  rate  limiting  species  is  increased.  If  the  reduction  in  grain  bounda¬ 
ry  mobility  is  sufficient  to  maintain  a  relatively  high  vacancy  flux,  and 
simultaneously  are vent  discontinuous  grain  growth,  sintering  will  proceed 
until  theoretical  density  has  been  achieved.  Sintering  to  theoretical 


6 


density  has  been  achieved  in  A1  O  by  adding  MgO 

7  8 

ThO^.  and  in  ThO^  by  adding  either  CaO  or  Y^O^ 
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in  Y  O  by 
2  3  J 


adding 


Several  mechanisms  have  been  postulated  to  explain  the  effects  if 

solute  additions  on  final  stage  sintering,  unti  these  include  (1)  mod  if leu - 

10 

tion  of  the  defect  structure,  (2)  solute  segregation  to  grain  boundaries 

resulting  in  a  decreased  grain  boundary  mobility, ^  and  (3)  the  formation 

8 

of  a  second  phase  which  impedes  grain  boundary  motion.  The  last  mechanism 

is  believed  to  occur  in  the  ThO^-CaO  system.  The  amount  of  solute  required 

to  achieve  theoretical  density  in  A1  O  ,  V  O  and  ThO  doped  with  Y  O  's 

less  than  the  equilibrium  solid  solubility  limit  and  therefore  u  second 

phase  mechanism  cannot  explain  the  final  stage  sintering  in  these  systems. 

7 

Jorgensen  and  Anderson  invoked  a  solute  segregation  mechanism  to  explain 

10 

the  sintering  of  Y^O^  doped  with  ThO  ,  and  Kel.jnen  ascribed  the  phenomenon 
to  a  modified  defect  structure.  Keijnen  assumed  that  yttrium  ions  diffuse 
fustor  than  oxygen  ions  in  Y  and  reasoned  that  the  cailon  deficient 

defect  structure  resulting  from  doping  VO  with  ThO  would  cause  a  de- 

fa  J  fa 

crease  in  the  sintering  rate  and  decreased  grain  growth.  Figure  1  is  a 
plot  of  the  oxygen  and  yttrium  diffusion  coefficients  in  Y  0  as  a  function 

A  «3 

of  recipi jcuI  temperature.  Since  yttrium  ion3  are  the  slower  diffusion 
species,  Reijnen's  hypothesis  is  Incorrect.  Furthermore,  ThO^  can  be 
sintered  to  theoretical  density  by  adding  Y^O^  solute,  and  a  model  involv¬ 
ing  a  higher  diffusion  flux  between  the  pores  and  grain  boundaries  because 
of  the  formation  of  favorable  defect  structures  cannot  explain  the  sintering 
to  theoretical  density  in  both  systems  since  cation  diffusion  is  slower 

than  anion  diffusion  in  botn  Y  0  and  ThO  . 

2  J  2 


Segregation  oX  the  solute  to  grain  boundaries  with  the  solute 

producing  a  drug  on  the  grain  boundary  motion  is  the  best,  available  model 

to  explain  the  inhibition  of  grain  growth  and  sintering  to  theoretical 

density  in  A1  0  and  Y  0  .  The  grain  boundary  velocity  decreases  in  Y  0. 

2  .  2  3  2  3 

as  the  solute  c<  ncentraticn  increases  tseo  Fig.  2)  and  this  phenomenon 
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has  been  treated  theoretically  by  Cahn.  For  low  velocity  grain  boundary 
motion  Cahn’s  theory  gives  the  following  relationship  between  grain  bounda¬ 
ry  velocity,  V,  and  solute  concentration,  C  , 


V 


P 

X  +  Q€ 

o 


(1) 


where  P  is  the  driving  force  for  grain  boundary  motion,  X  is  an  intrinsic 
drag  coefficient,  and  &  is  a  constant  containing  the  reciprocal  of  the 
mobility  multiplied  by  a  summation  of  the  adsorption  energies  of  the 
solute  on  the  grain  boundary. 

The  solid  line  shown  in  Figure  2  is  a  curve  calculated  from  Equation 
(1)  force-fitted  to  the  yttria  sintering  data,  substituting  the  instan¬ 
taneous  grain  growth  rate  dD/dt  for  the  grain  boundary  velocity.  Thus 
it  appears  that  the  ThO  solute  in  Y  0  segregated  to  the  grain  boundaries 
and  that  the  relative  amount  of  segregation  increases  as  the  solid  solu¬ 
bility  limit  is  approached. 

MgAl ^0^ ,  spinel,  was  selected  as  a  system  in  which  final  stage 
sintering  should  be  studied  because  of  the  wide  range  of  solid  solubility 
on  both  sides  of  the  stoichiometric  compound  (see  Fig.  3)  and  because 
the  achievement  of  transparent  polycrystalline  spinel  having  a  controlled 
microstructure  could  find  application  as  an  armor  material. 

Considerable  work  has  been  expended  on  studying  the  final  stage 

13 

sintering  of  MgAl  0  .  Gatti  et  al.  produced  a  large-grained,  transparent, 

spinel  material  by  adding  Li  0  and  Si()  to  MgAl  0„  using  a  firing  schedule 

2  2  2  4 

designed  to  remove  the  Li  0  and  SiO  following  complete  densification. 

14  2 

Bagley  has  also  produced  a  theoretically  dense  spinel  material  by  adding 
MgO  to  MgAl  0  ;  however,  this  material  is  best  described  as  translucent 

Ct  4 

since  the  in-line  transmission  between  wavelengths  of  0.4  and  0.7  pm  was 
approximately  9%  for  a  1-mm-thick  sample. 
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15,10 

Bratton  has  also  studied  the  dcnslltcation  of  MgAl^O^  including 

the  initial  stage  sintering  kinetics.  He  conc’uded  thut  tl\e  sintering 

kinetics  were  controlled  by  a  volume  diffusion  mechanism.  Diffusion 

coefficients  calculated  irom  Bratton's  initial  sintering  data  are  shown 

17 

in  Fig.  4.  compared  with  some  preliminary  magnesium  diffusion  data,  and 

18 

oxygen  self- <if fusion  data.  Earlier  oxygen  diffusion  data  published  by 
19  18  16 


Ando  and  Oishi  were  determined  by  analyzing  the  O  O  ratio  in  the 
gas  pn^e  above  solid  spinel  as  functions  of  time  and  temperature  without 
correcting  for  surface  exchange.  Correction  of  these  data  for  surface 
exchange  gave  the  oxygen  diffusion  coefficients  shown  in  Fig.  -1.  An 
extrapolation  ol  Bratton's  calculated  diffusion  coefficients  to  higher 
temperatures  shows  good  agj-eement  with  the  oxygen  self-diffusion  data, 
indicating  that  the  sintering  kinetics  are  controlled  by  oxygen  dil fusion. 


Aluminum  ion  diffusion  has  not  been  measured  in  MgAl  0  ,  but  we 

2  4 

expect  the  aluminum  ions  to  diffuse  faster  than  the  oxygen  ions  and  it  is 
reasonable  to  expect  oxygen  to  be  the  slowest  diffusing  species  in  the 
MgAl r 0  system,  since  oxygen  Jons  are  the  slowest  diffusing  species  in 
both  MgO  and  Al^O^.  There  f  if  volume  diffusion  processes  control  the 

final  stage  sintering  or  densif ication  of  spinel,  we  would  expect  the 
transport  of  oxygen  to  be  rate  limiting. 

From  the  existing  data  on  sintering  of  oxides  such  as  and  ThO^, 

we  can  postulate  that  the  segregation  of  a  solute  increases  as  the  oxide 
composition  approrches  the  solid  solubility  limit.  The  objectives  of 
this  study  are  to  determine  whether  sintering  oC  nonstoichiometric  spinel 
with  compositions  approaching  the  solid  solubility  limit  will  exhibit  a 
reduced  grain  boundary  mobility  and  allow  sintering  to  proceed  to  theo¬ 
retical  density. 


7 


DIFFUSION  COEFFICIENT  —  cmV«c 


FIGURE  4  CATION  AND  ANION  D'/  FUSION  COEFFICIENTS  IN  MjAS^ 
AS  A  FUNCTION  OF  RECIPROCAL  TEMPERATURE  COMPARED 
WITH  DIFFUSION  COEFFICIENTS  CALCULATED  FROM 
INITIAL  STAGE  SINTERING  KINETICS 
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II  SUMMARY  AND  CONCLUSIONS 


The  calcining  of  a  mixture  of  hydrated  ammonium  aluminum  sulfate 

and  hydrated  magnesium  nitrate  sal  :s  provides  the  most  consistently 

reproducible  method  for  producing  submicron  MgAl  0  powder.  These  salts 

2  4 
o 

melt  at  approximately  95  C  forming  a  liquid  phase  In  which  excellent 

mixing  of  the  magnesium  and  alurainun  ions  occurs.  Decomposition  of  the 

o 

nit race-sulf ate  mixture  on  heating  to  1300  C  for  one  hour  results  in  a 
fine  powder  with  an  average  particle  size  of  approximately  0.3  ^jn. 

Hydroxyl  groups  are  incorporated  in  the  spinel  lattice  during  cal¬ 
cining  and  sintering.  The  concentration  of  the  hydroxyl  groups  is 
inversely  proportional  to  the  MgO  content  of  MgO-rich  spinels,  and  it 
is  suggested  that  a  defect  equilibrium  forms  in  which  two  protons  substi¬ 
tute  for  one  magnesium  ion. 

Rapid  pore  coalescence  occurs  in  spinel  during  sintering,  and  this 
pore  coalescence  allows  the  spinel  grains  to  grow  uninhibited  by  the 
pore  phase.  Grain  growth  in  spinel  therefore  follows  the  theoretical 
grain  growth  law  rather  than  the  usual  cubic  grain  growth  law. 

If  we  assume  that  the  average  velocity  of  the  spinel  grain  boundaries 

is  proportional  to  dD/dt  where  D  is  the  average  grain  diameter,  then  the 

relative  grain  boundary  velocity  can  be  de.’rmined  a9  a  function  of 

stoichiometry.  It  was  observed  that  the  relative  grain  boundary  velocity 

increased  as  the  concentration  of  the  A1  0  increased  in  the  spinel.  A 

2  3 

maximum  in  the  grain  boundary  velocity  occurred  at  approximately  83  wt% 

A 12°3  and  the  reasons  for  this  maximum  are  discussed  in  the  text. 

The  calculated  grain  boundary  velocities  are  low  and  are  consistent 
with  Cahn's  impurity  drag  theory  for  low-velocity  grain  growth  with  a 
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r 
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low  driving  force,  in  which  the  solute  is  assumed  to  be  the  excess  oxide 
greater  than  the  stoichiometric  composition.  Conformance  to  Cahn's 
theory  suggests  that  the  solute  segregates  to  the  grain  loundaries  as  the 
solid  solubility  limit  is  approached.  However,  varying  the  stoichiometry 
of  spinel  within  the  limits  of  the  MgAl^O^  phase  field  did  not  provide  a 
spinel  composition  that  exhibited  sufficient  grain  growth  inhibition  to 
prevent  discontinuous  grain  growth  even  though  grain  growth  was  inhibited 
as  the  composition  approached  the  solid  solubility  limit. 

MgAl^O^  can  be  sintered  to  theoretical  density  by  the  addition  of 
a  MgO  second  phase  or  other  second  phases  that  inhibit  the  grain  boundary 
mobility.  However,  these  second  phases  scatter  light,  and  lower  the 
In-line  transmission,  and  as  a  result  the  spinel  samples  are  opaque  or 


translucent. 


Ill  EXPERIMENTAL  PROCEDURE 


Submicron  oxide  powders  can  be  produced  by  calcining  the  appropriate 

carbonate,  hydroxide,  nitrate,  oxalate,  or  sulfate  salt  at  temperatures  in 
o  o 

the  range  of  1000  -  1300  C.  The  ultimate  success  in  sintering  an  oxide 

to  theoretical  density  depends  critically  on  the  starting  materials  since 
factors  such  as  agglomeration,  particle  size,  and  particle  size  distribu¬ 
tion  affects  the  shrinkage  kinetics  and  pore  removal.  For  example  Al^O^ 
powdeis  obtained  from  calcination  of  carbonate,  nitrate,  hydroxide,  or 
oxalate  salts  will  not  sinter  to  theoretical  density  as  easily  as  alumina 
powders  obtained  from  calcining  of  the  sulfate  salts.  The  ideal  starting 
material  would  be  a  submicron-si2e  powder  with  a  uniform  particle  size  so 
that  the  pore  size  would  be  small  and  uniformly  distributed.  Sintering 
experiments  were  therefore  conducted  with  various  starting  materials  to 
determine  which  spinel  powder  had  the  best  sintering  characteristics. 

The  evaluation  procedure  consisted  of  isostatically  pressing  the 

powders  at  30,000  psi  and  sintering  in  a  hydrogen  atmosphere  or  an  oxygen 

o 

atmosphere  for  16  hr  at  1800  C.  Samples  were  also  sintered  for  16  hr  at 
o 

1900  C.  Final  densities  were  measured  and  metallographic  sections  were 
made  to  determine  the  final  pore  size  and  the  final  grain  size. 

Spinel  powders  were  formed  for  evaluation  using  mixed  oxide  powders, 
and  by  calcining  the  following  types  of  salts:  carbonates,  nitrates,  sul¬ 
fates,  and  hydrated  ammonium  aluminum  sulfate  mixed  with  hydrated  magnesium 
nitrate.  W.  R.  Grace  &  Co.  spinel  powder  that  was  manufactured  by  a 
proprietary  process  was  also  evaluated.  The  evaluation  data  are  shown  in 
Table  I. 

All  of  the  samples  in  Table  I  exhibited  discontinuous  grain  growth, 
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spinel  powntiis 


V 


l.e.,  the  grain  boundaries  break  away  from  the  pores  and  trap  pores 
inside  the  grains  of  the  sample.  The  oxide-derived  powders  had  the 
lowest  sintered  density  and  t.\e  largest  amount  of  nonuniform  pores. 

The  Grace  Co,  spinel  powder  sintered  very  well  (see  Table  I);  however, 
a  second  batch  of  material  having  a  MgO/Al  0^  mole  ratio  of  1.056  did 
not  sinter  very  well  in  that  large  pores  formed  inside  the  sample. 

This  probably  was  due  to  incomplete  calcination.  Further  work  on  Grace 
Co.  spinel  powders  was  discontinued  because  of  the  nonreproducibility. 

Each  of  the  above  powders  was  also  tested  for  its  ability  to  form 
spinel  powders  having  finely  divided  second  phases  of  either  magnesia  or 
alumina.  The  ammonium  aluminum  sulfate  plus  magnesium  nitrate  mixed  salts 
provided  the  best  starting  materials  Judging  from  the  uniformity  of  the 
grains  in  the  microstructure  and  the  uniformity  of  the  pores  In  the  sin¬ 
tered  samples.  This  material  also  yielded  the  most  consistent  particle 
size  us  a  function  of  spinel  composition  and  was  therefore  selected  for 
the  sintering  study.  The  average  particle  size  obtained  as  determined  by 
a  corrected  Fisher  analysis  was  0.33  pm.  Figure  5  is  a  scanning  electron 
micrograph  of  the  calcined  spinel  powder. 

The  composition  of  the  spinel  materials  studied  was  varied  from 
60  wt%  A1  0,  to  91  wt%  A1  O  by  combining  varying  amounts  of 
NH  Al(SO  )  ■  12H  0  and  Mg(NO  )  • 6H  0.  The  ammonium  aluminum  sulfate 

4  4  6  6  0  6  6 

o  o 

and  the  magnesium  nitrate  melt  at  93.5  C  and  95  C,  respectively.  The 

aluminum  and  magnesium  ions  become  intimately  mixed  in  the  liquid  phase 

o 

and  on  further  heating  to  1300  C  the  materials  are  decomposed  to  form 

finely  divided  spinel  crystals  approximately  0.3  pjn  in  diameter.  At 

o 

calcining  temperatures  below  1300  C,  the  sintered  samples  expanded  or 

bloated  during  sintering,  which  provided  evidence  that  the  calcining 

o 

heat  treatments  below  1300  C  were  insufficient  to  decompose  the  sulfate 
salts. 
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FIGURE  5  SCANNING  ELECTRON  MICROGRAPH  OF  MgA^04  POWDER  OBTAINED 
BY  CALCINING  A  MIXTURE  OF  HYDRATED  AMMONIUM  ALUMINUM 
SULFATE  AND  HYDRATED  MAGNESIUM  NITRATE  SALES  (X.20,0001 


> 
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The  calcined  spinel  powders  were  then  isostatically  pressed  at 
50,000  psi  into  cylindrical-shaped  specimens  and  were  packed  in  spinel 
powders  of  identical  composition  in  covered  molybdenum  crucibles  for 
firing  in  either  a  vacuum  or  hydrogen  atmosphere.  Spinel  samples  were 

Q 

also  fired  in  an  oxygen  atmosphere  at  1800  C  using  A1  0„  crucibles. 

2  3 

After  firing,  the  samples  were  sectioned  near  the  center  of  the 

sample,  polished,  and  etched  to  reveal  the  microstructure.  The  grain 

size  was  determined  by  measuring  the  average  length  of  random  line  inter- 

20 

cepts  across  the  grains,  multiplied  by  a  factor  of  1.5. 

The  densification  of  oxides  is  often  enhanced  by  the  addition  of 
various  solutes;  therefore,  several  potential  solutes  were  added  to  MgAl  0 
to  investigate  possible  means  of  controlling  the  grain  boundary  mobility 
so  that  the  material  could  be  sintered  to  theoretical  density.  These 
solutes  included  Li  O,  LiF,  VO,  and  ZrO  . 

Spinel  crystals  often  contain  OH  ions  in  the  crystal  lattice  and 
therefore  the  hydroxyl  concentration  was  followed  In  this  study  by 
monitoring  the  infrared  absorption  poak9  at  wavelengths  of  2.5  to  3.5  pn. 
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IV  RESULTS 

Sintering  of  relatively  pure  oxide  powders  results  in  an  entrapment 
of  peres  within  the  grains.  A  typical  microstructure  for  MgAl^O^  is  shown 
in  Figure  6.  This  type  of  microstructure  results  from  the  grain  boundaries 
breaking  away  from  the  pores,  i.e.,  discontinuous  grain  growth.  To  sinter 
to  theoretical  density,  discontinuous  grain  growth  must  be  prevented,  and 
the  present  program  was  initiated  to  investigate  the  possibility  of  pre¬ 
venting  discontinuous  grain  growth  by  controlling  the  stoichiometry  of 

the  spinel  phase.  Evidence  from  other  oxide  systems  such  as  Y  0  and  ThO 

2  3  2 

suggested  that  solute  segregation  to  the  grain  boundaries  increases  us  the 

chemical  composition  approaches  the  solid  solubility  limit.  If  we  consider 

the  solute  in  this  system  to  be  the  MgO  or  A1  O  in  excess  of  the  stoichio- 

2  3 

metric  composition,  we  would  expect  the  grain  boundary  mobility  to  decrease 
as  the  composition  of  the  apinel  phase  approaches  the  solid  solubility 
limits  either  on  the  MgO-rlch  side  of  the  phase  field  or  on  the  A1  0  -rich 

4-  *1 

side  of  the  phase  field. 

The  grain  boundary  velocity,  V,  is  related  to  the  grain  boundary 
mobility,  u,  by  the  relationship 


V  =  (2) 

where  P  is  the  force  causing  the  boundary  to  move.  Grain  boundaries 
move  so  that  the  total  grain  boundary  area  is  decreased,  i.e.,  the  grain 
boundaries  migrate  toward  their  centers  of  curvature. 

The  grain  boundaries  are  internal  surfaces  that  can  be  described  by 
two  principal  radii  of  curvature.  The  force,  P,  in  Eq.  (2)  is  therefore 
given  by 
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FIGURE  6  TYPICAL  MICROSTRUCTURE  OF  SINTERED  MgAV^  EXHIBITING 
DISCONTINUOUS  GRAIN  GROWTH  (X1700) 
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P  =  2o(l/ r  +  1 'r,  ) 


(3) 


where  is  tile  grain  boundary  energy  and  r^  and  r are  the  principal 
radii  describing  the  grain  boundary  surface.  Substituting  Eq.  (3)  into 
Eq.  (2)  gives  the  following  expression  lor  the  grain  boundary  velocity: 


V  =  2p.o(l/r1  a  l/r2> 


If  we  assume  that  V  is  proportional  to  dD/dt  and  that  (1/r  +  1/r  )  is 

1  2 

proportional  to  1/D  where  D  is  the  average  gruin  diameter,  then 


dD'dt  =  k  peVD 


Integration  of  Eq.  (5)  gives  the  theoretical  grain  growth  equation, 


21,22 


2  2 

D  -  D  =  Xpert 
o 


where  D  is  the  Initial  average  diameter  at  zero  time, 
o 

The  grain  growtli  kinetics  of  MgAl  O  .  follow  the  abovo  derived 

21§ 

grain  growth  law,  as  shown  by  Bratton’s  data  over  the  temperature 
o  o 

range  1400  -  1600  C.  The  grain  growth  measurements  mude  in  this  study 

are  consistent  with  Bratton's  data,  and  have  been  determined  as  functions 

o 

of  stoichiometry  and  time  at  1900  C.  Table  II  lists  the  groin  growth 
values  obtained  as  a  function  of  stoichiometry  at  a  constant  time  of 
4  hours. 

Grain  growth  kinetics  in  oxide  systems  often  follow  a  cubic  groin 
growtli  law,  i.e., 

3 

D  =  At  (7) 


when  coalescence  or  disappearance  of  the  pore  phase  in  the  oxide  controls 

23 

the  grain  growth  (see  Hlllert  ).  Since  the  grain  growth  kinetics  in 


f 


4. 


table  11 


G l(A I N  SIZE  01'  MgA’,,0  AS  A  FUNCTION  OK 
STOICHIOMETRY* 


Composition 

(wtr;  A1  O.,) 

2  3 

Grain  Size 

('.an) 

€3.0 

12.7 

05.0 

17.5 

68.0 

13.5 

71 , 8 

20.8 

79. 1 

28.  1 

85.5 

31.3 

91.0 

_ 

18.1 

the  MgAl  O  system  do  r.ot  follow  Eq.  (7)  and  because  the  rate  of  grain 
2  4 

growth  depends  on  the  stoichiometry  of  the  spinel,  we  can  conclude  that 
the  grain  growth  kinetics  are  not  influenced  by  the  presence  of  porosity. 

Reasons  why  this  is  true  will  be  presented  in  the  discussion  section. 

The  measurement  of  the  grain  growth  kinetics  as  a  function  of  time 

k* 

allow  the  relative  velocity  of  the  average  groin  boundary  to  be  calculated 

if  we  assume  that  dD/dt  =  V,  and  this  will  provide  a  means  of  comparing  ^ 

o 

relative  grain  boundary  velocities  at  1900  C  as  a  function  of  stoichiometry. 

o 

These  data  are  shown  in  Figure  '.  The  MgAl^O^  phase  boundaries  at  1900  C 

_  t , 

♦ 

The  grain  sizes  listed  in  Table  II  are  the  average  grain  diameters 
obtained  for  n  temperature  of  1900  C  and  b  constant  time  of  4  hours. 
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occur  at  approximately  64  ind  92  wt%  A12°3’  thus  a11  of  the  data  points 

in  Figure  7  except  the  63  wt7c  A12°3  point  fall  within  the  spinel  phase 

field.  The  63  wt%  Al^O^  sample  showed  a  second  phase  at  three  grain 

comers  and  in  the  centers  of  the  grains,  while  the  65  wt%  A1  0  sample 

2  3 

showed  second  phase  in  the  center  of  the  grains  and  only  an  occasional 

second-phase  particle  in  the  grain  boundaries.  Therefore,  it  is  reasonable 

to  conclude  that  the  65  wt%  Al^^  sample  was  single  phase  at  1900°C.  The 

31  wt%  Al^O^  saraP^e  on  cooling  had  large  lat.h-like  second  phase  grains 

that  extended  uninterrupted  across  the  spinel  grain  boundaries.  There 

were  also  small  equiaxed  second  phase  grains  in  the  grain  boundaries; 

however,  the  volume  fraction  of  these  latter  grains  was  impossible  to 

determine  due  to  the  extensive  nature  of  the  precipitated  second  phase 

grains.  Thus  it  is  impossible  to  conclude  that  the  91  wt%  A1  0  samples 

2  3 
o 

were  single  phase  at  1900  C;  i.e.,  we  cannot  assume  that  the  91  wt%  A1  0 

2  3 

samples  wer<  in  equilibrium,  and  therefore  the  decrease  in  the  grain  boundary 
velocity  as  illustrated  by  the  curve  drawn  in  Figure  7  at  high  concentra¬ 
tions  of  a12°3  may  decrease  too  rapidly.  However,  it  can  be  argued  that 
the  85.5  wt%  Al^O^  point  shows  a  definite  decrease,  and  that  the  grain¬ 
boundary  velocity  goes  through  a  .  irum  as  the  spinel  composition  varies 
across  the  phase  field. 


Equation  (1)  provides  a  relationship  between  the  grain  boundary 

12 

velocity  and  the  solute  concentration  for  grain  boundaries  moving  with 
low  velocities.  The  reciprocal  of  Equation  (1)  is 


1/V  -  XyP  +  t/PC  (8) 

o 

and  this  expression  predicts  a  linear  relationship  between  the  reciprocal 
of  the  grain  boundary  velocity  and  the  solute  concentration. 

If  the  solute  in  the  spinel  system  is  considered  to  be  the  difference 
between  the  nonstoichlometric  composition  and  the  stoichiometric  composition, 
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then  the  linearity  of  a  plot  of  Eq.  (8>  will  be  maintained  if  the  com¬ 
position  of  the  spinel  phase  is  plotted  versus  the  reciprocal  velocity. 
Figure  8  is  such  a  plot. 

Since  the  datum  point  at  63  wt%  A1  0  is  in  a  two-phase  region 

(MgO  +  MgAl  0  ),  the  linear  relationship  predicted  by  Eq.  (8)  should  not 
2  4 

pass  through  this  particular  point.  The  same  argument  can  be  given  for 
the  91  wt%  A^O^  datuin  Point-  The  remaining  points  form  a  good  straight 
line  when  the  error  limits  are  considered  indicating  that  Eq.  (1)  can 
describe  the  grain  boundary  velocity  as  a  function  of  stoichiometry  in 
spinel,  and  this  suggests  that  solute  segregation  to  the  grain  boundaries 
increases  as  the  spinel  composition  approaches  the  solid  solubility  limit 
on  the  MgO- rich  side  of  the  spinel  phase  field. 

Single  crystal  spinel  grown  by  the  Verneuil  m.  thod  contains  hydroxyl 
24 

groups  as  evidenced  by  an  infrared  absorption  peak  at  a  wavelength  of 

25 

about  3  pm.  Wang  and  Zanzvechi  observed  that  these  absorption  peaks 

occurred  only  In  spinel  crystals  grown  by  the  Verneuil  technique  and  did 

not  occur  in  flux  or  Czochral ski -grown  crystals.  These  authors  therefore 

concluded  that  the  3-pm  absorption  band  was  not  an  intrinsic  projierty  of 

26 

spinel.  Jagodzlnski  showed  that  there  existed  two  absorption  maxima  in 
alumina-rich  spinels  corresponding  to  two  energetically  different  O-H-O 
bonds.  One  of  the  absori  tion  peaks  occurs  at  3.0  pm  and  the  other  peak 
occurs  at  2.8  pm.  The  2.8  pm  peak  as  reported  by  Jagodzlnski  decreases 
with  decreasing  Al^O^  content  and  disappears  at  the  stoichiometric  com¬ 
position.  Since  a  changing  hydroxyl  concentration  can  alter  the  defect 
structure  and  thereby  influence  the  solute  segregation  to  grain  boundaries 
and  hence  affect  the  sintering  kinetics,  the  hydroxyl  concentration  was 
monitored  in  the  polycrystalline-sinterea  samples.  Only  one  absorption 
peak  was  observed  at  a  wavelength  of  2.9  pm  (see  Figure  9)  regardless  of 
the  spinel  composition.  The  infrared  absorption  of  MgO-rlch  spinel  was 
measured  between  60  and  70  wt%  A1  O  for  samples  firod  at  1800°C.  These 

Z  tj 
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data  are  shown  in  Figure  10  as  a  function  of  wt%  MgO,  The  break  in  the 

curve  in  Figure  10  corresponds  exactly  to  the  solid  solubility  limit  at 

o 

1800  C,  The  significance  of  the  hydroxyl  concentration  decreasing  as 
the  MgO  concentration  in  the  spinel  phase  increases  will  be  presented  in 
the  discussion  section. 

25 

Since  Wang  and  Zanzvechi  did  not  observe  hydroxyl  groups  in 

stoichiometric  crystals  grown  by  the  flux  or  by  the  Czochralski  methods, 

we  investigated  the  effect  of  the  sintering  atmosphere  on  the  hydroxyl 

concentration.  The  absorption  band  at  2.9  urn  was  present  in  the  spinel 

o 

samples  sintered  at  1800  C  regardless  of  the  sintering  atmosphere. 

-5 

Samples  were  sintered  in  hydrogen,  oxygen,  and  in  a  vacuum  of  10  torr 
o 

at  1800  C.  The  OH  peak  heights  were  identical  for  either  a  hydrogen 

or  an  oxygen  sintering  heat  treatment,  and  therefore  the  hydroxyl  ions 

incorporated  into  the  spinel  crystals  during  the  calcining  procedure  are 

not  easily  removed.  The  data  shown  in  Figure  10  were  obtained  on  samples 

o 

sintered  in  750  torr  of  oxygen  at  1800  C. 

Sintering  spinel  samples  with  large  deviations  from  stoichiometry 
did  not  provide  sufficient  reduction  in  the  grain  boundary  mobility  to 
achieve  theoretical  density  and  on  cooling  the  MgO-rich  spinel  samples 
contained  a  precipitated  MgO  second  phase.  The  minor  amount  of  residual 
porosity  and  small  second-phase  precipitates  shown  in  the  micrograph  of 
Figure  11  cause  light  scattering  to  such  an  extent  that  the  samples  j 

exhibit  less  than  5%  in-line  transmission  for  a  sample  1  mm  thick.  ^ 

Dopants  were  therefore  added  to  spinel  in  an  attempt  to  find  an  additive 
that  would  go  into  solid  solution  and  simultaneously  inhibit  grain  growth, 
since  these  two  requirements  are  necessary  to  achieve  a  transparent, 
theoretically  dense,  oxide  material. 

The  additives  selected  for  investigation  were  Li^O,  LiF,  and 

ZrO^.  The  lithium  compounds  were  added  in  an  attempt  to  increase  the 
concentration  of  anion  vacancies  and  tie  zirconia  was  added  to  in<- .  e 
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RELATIVE  PEAK  HEIGHT 
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FIGURE  10  A  PLOT  OF  THE  RELATIVE  PEAK  HEIGHT  AT  A  WAVELENGTH 

OF  2.9  um  IN  M8A£204  AS  A  FUNCTION  OF  MgO  CONCENTRATION 
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the  cation  vacancy  concentration.  was  a<^ec*  to  MgO-rich  spinel 

samples  to  investigate  whether  a  liquid-phase  addition  would  increase 
the  sintering  kinetics  sufficiently  to  prevent  discontinuous  grain 
growth.  The  yttria  additions  produced  a  liquid  phaso  as  evidenced  by 
the  structure  at  the  triple  point  in  the  micrograph  shown  in  Figure  12. 
The  pores  in  the  centers  of  the  grains  of  Figure  12  provide  evidence 
that  discontinuous  grain  growth  occurred  in  this  sample. 

The  Li^O,  LiF.  and  ZrO^  were  each  added  to  separate  spinel  samples 
of  stoichiometric  composition  and  also  to  68  wt%  A1  0  spinel.  The  con- 

£  J 

centration  of  the  additives  was  varied  between  1  and  3  wt%.  In  all  cases 

pore  coalescence  occurred  a9  seen  in  Figure  13  and  the  samples  did  not 

o 

sinter  to  theoretical  density  after  firing  at  1900  C  for  16  hours.  If 
a  second  phase  was  present,  then  sintering  to  theoretical  density  could 
be  achieved;  he /ever,  the  second-phase  particles  scattered  light  and 
the  resulting  samples  were  translucent. 

Sintering  of  spinel  containing  a  MgO  second  phase  allowed  sintering 
to  proceed  to  theoretical  density  through  the  operation  of  the  second 
phase  pinning  the  grain  boundaries  and  allowing  a  relatively  high 
diffusion  flux  to  remove  all  of  the  porosity.  These  samples  were  opaque 
to  translucent  due  to  the  scattering  of  light  by  the  extensive  second 
phase.  This  phenomenon  was  not  investigated  further,  because  one  of  the 
objectives  of  this  research  was  to  produce  transparent  spinel. 
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FIGURE  12  MICROSTRUCTURE  OF  Y203  DOPED  MgA5.204  (X850) 
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V  DISCUSSION 
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The  principal  defects  In  A1  0  -rich  spinel  according  to  Jagodzinski 

_  _  *  J 

27 

and  Saalfeld  are  aluminum  cation  vacancies  and  the  defect  equilibria 
can  be  described  by  the  following  equation, 


•t-  + 

3Mg 


+  +  + 

3A1  +  V. 


A1 


1 1 1 

where  V 

A1 


represents  a  fully  ionized  aluminum  ion  vacancy. 


(9) 


It  is  reasonable  to  assume  that  anion  vacancies  occur  in  MgO-rich 
spinel  according  to  the  equation, 


+  +  +  ++  «  « 

2A1  =•  2Mg  +  VQ  (10) 

where  VQ‘  is  a  doubly  ionized  oxygen  vacancy.  However,  it  is  also 
possible  that  three  magnesium  ions  substitute  for  two  aluminum  ions  with 
the  extra  magnesium  ion  occupying  a  normally  empty  tetrahedral  site. 

The  excess  magnesium  ions  in  MgO-rich  spinel  or  the  excess  aluminum 

ions  in  A1  O  -rich  spinel  will  be  distributed  in  the  spinel  lattice  and 
2  3 

on  the  existing  grain  boundaries.  As  the  composition  approaches  the 
solid  solubility  limit,  the  concentration  of  the  excess  cations  in  the 
grain  boundaries  could  Increase  more  rapidly  than  the  excess  concentra¬ 
tion  in  the  lattice  and  this  increased  concentration  at  grain  boundaries 
is  postulated  to  exert  a  drag  on  the  grain  boundary  mobility.  This  model 
would  thus  predict  a  maximum  In  the  grain  boundary  velocity  at  the  stoi¬ 
chiometric  composition,  and  this  was  not  observed. 

The  grain  boundary  velocity  data  were  calculated  from  the  rate  of 
grain  growth  in  a  hydrogen  atmosphere,  and  therefore  it  is  possible  that 
a  significant  concentration  of  anion  vacancies  exists  at  the  stoichiometric 
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composition.  If  we  postulate  that  the  anion  vacancy  concentration  at 

the  stoichiometric  composition  is  not  nil,  then  Eq.  (10)  could  describe 

the  defect  equilibria  beyond  the  MgO-rich  spinel  region  into  the  A1  0  - 

2  3 

rich  spinel  region.  The  maximum  in  grain  boundary  velocity  observed  in 
Fig.  7,  could  be  explained  on  this  basis. 

If  the  91  wt%  A1  0  grain  growth  samples  were  actually  in  equilibrium, 

4b 

then  two  straight  lines  should  have  been  drawn  through  the  data  in  Fig.  8, 
with  a  minimum  occurring  in  the  reciprocal  grain  boundary  velocity  at 
approximately  83  wt%  A1  O  .  However,  the  existence  of  second-phase  grains 

£  J 

in  the  spinel  grain  boundaries  of  these  samples  having  a  different  mor¬ 
phology  than  the  precipitated  grains  strongly  suggests  that  equilibrium 
did  not  occur  and  that  Fig.  8  is  correct  as  drawn. 

The  straight-line  relationship  exhibited  in  Fig.  8  suggests  a  solute 

segregation  involving  anion  vacancies,  and  provides  evidence  that  the 

grain  boundary  velocity  decreases  as  the  composition  approaches  the  solid 

solubility  limit.  However,  this  reduction  in  grain  boundary  velocity  was 

insufficient  to  allow  the  spinel  to  sinter  to  theoretical  density  or  it 

was  Insufficient  to  prevent  discontinuous  grain  growth.  This  could  be 

due  to  the  fact  that  the  denslflcatlon  kinetics  in  MgAl  0,  are  slow 

2  4 

(compare  the  slowest  diffusion  coefficients  in  Figs.  1  and  4),  or  it 
could  be  due  to  the  replacement  of  cations  by  protons  in  the  spinel 
lattice  making  the  spinel  system  a  four-component  system  with  insuf¬ 
ficiently  controlled  activity  of  the  components  which  could  affect  the 
segregation  of  solute-defect  clusters  to  grain  boundaries. 

The  data  in  Fig.  10  clearly  demonstrate  that  the  hydroxyl  concen¬ 
tration  decreases  as  the  amount  of  excess  MgO  in  MgO-rich  spinel  increases. 
26 

Jagodzinski  has  observed  a  similar  phenomenon  in  A1  0  -rich  spinels, 
and  an  equation  that  could  describe  this  phenomenon  is 

~  -  *  * 

H  +20  Mg  T  +  2  (OH  )  +  V 
2  Mg 


y* 

» 
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(11) 


in  which  two  protons  substitute  for  a  magnesium  ion  in  the  spinel 
lattice . 

A  cubic  grain  growth  law  was  not  observed  in  porous  spinel  and 

22 

because  this  is  unusual  it  merits  discussion.  Burke  has  written  an 
excellent  treatise  on  this  topic,  in  which  he  gives  the  following  grain 
growth  law,  for  porous  compacts 

dD/dt  =  kuC(l/D  -  1/D^)  (12) 

where  D,  is  the  average  limiting  grain  size  determined  by  a  Zener-type 
l 

relationship, 


=  d/f  (13) 

in  which  d  is  the  average  diameter  of  the  pores  and  f  is  the  volume 
fraction  of  pores. 

The  diameter  of  the  pores  and  their  volume  fraction  change  during 
sintering;  for  example,  the  volume  fraction  decreases  as  densif icat ion 
occurs  and  we  know  that  the  pores  in  MgAl  0  coalesce  (see  Fig.  13) . 

*  4 

Both  of  these  phenomena  cause  the  average  limiting  grain  size,  D  ,  to 

AJ 

Increase.  It  is  therefore  hypothesized  that  the  term  1/I)4  in  Eq.  (12) 
is  negligible  with  respect  to  the  1/D  term  for  the  spinel  system,  and 
therefore  Eq.  (12)  becomes  equal  to  Eq.  (5)  and  we  observe  the  grain 
growth  behavior  predicted  by  Eq.  (6). 

14 

Bagley  sintered  spinel  to  theoretical  density  by  adding  small 

amounts  of  excess  MgO  to  the  stoichiometric  composition.  The  mechanism 

by  which  theoretical  donsity  was  achieved  had  to  be  one  in  which  a 

nonequilibrium  second  phase  inhibited  the  grain  boundary  mobility,  and 

13 

this  sintering  procedure  did  not  produce  a  transparent  spinel.  Gattl 
28 

and  Bratton  have  both  produced  theoretically  dense  spinel  using  addi¬ 
tives  that  result  in  a  liquid  phase,  but  unless  the  liquid  phase  can  be 
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w  uy 


removed,  and  this,  was  Gatti's  approach,  the  spinel  will  not  be  transparent. 
For  example,  Bratton  used  CnO  additives  and  in  his  best  material  obtained 
approximately  30%  -  35%  in-line  transmission  for  a  l-mm-thick  sample, 
which  is  inadequate  for  window  or  armor  applications. 


!r* 
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